Background: The chemokine eotaxin-2 is a potent chemoattractant for inflammatory cells, the predominants of which are eosinophils. Human and murine atherosclerotic plaques are known to exhibit inflammatory phenotypes where a complex interaction of cytokine and chemokines plays a role. We tested the hypothesis that eotaxin-2 (eo-2) plays a causative role in the initiation and progression of experimental atherosclerosis. Methods and Results: Sera collected from atherosclerotic ApoE knockout (KO) mice, exhibited significantly higher levels of eo-2 compared to sera collected from their background age matched C57BL/6 litters by ELISA. Moreover, levels of eo-2 were higher in old atherosclerotic ApoE KO mice than in young animals. Similarly, the expression level of the eo-2 receptor, CCR3, was increased in splenocytes of old ApoE compared to the young littermates. Administration of polyclonal blocking antibodies to eotaxin-2 resulted in a significant reduction of early atherosclerotic plaques in ApoE KO mice whereas prolonged treatment of mice with advanced plaques led to atheroma stabilization. A monoclonal antibody (D8) prepared against eo-2 attenuated adhesion of lymphocytes to fibronectin and potently inhibited their migration towards VEGF. Monoclonal blocking antibodies to eo-2 also significantly reduced atherosclerotic plaques in ApoE KO mice. Conclusion: Eo-2 serum levels are elevated in sera of ApoE KO mice with experimental atherosclerosis and its blockade is associated with reduced fatty streak accumulation and increased plaque stabilization.
INTRODUCTION
The CC chemokine eotaxin-2 (eo-2) binds the eosinophil receptor CCR3 and possesses a potent chemotactic activity for eosinophils, basophils and Th2-type lymphocytes [1] [2] [3] [4] . The eotaxin-2/CCL24 receptor CCR3, a seventransmembrane receptor coupled to heterotrimeric G proteins, is expressed in endothelial cells [5] [6] [7] [8] [9] as well as in macrophages and brain microglia [10] .
Atherosclerosis is a complex disorder involving interaction of cellular and humoral components [11] . Whereas initial stages of atherosclerosis are mediated by interactions between monocytes and endothelial cells, subsequent plaque growth is influenced by smooth muscle cells, fibroblasts and lymphocytes. Inflammation with involvement of different leukocyte subpopulations and secretion of cytokines and chemokines is thought to play a pivotal role in promoting atherosclerotic plaque growth and propensity to destabilize and subsequently rupture [12] [13] [14] [15] .
It has recently been demonstrated that allergic cellular components may be considered important in the athrosclerotic plaque [12] . In addition, circumstantial evidence suggests that eotaxin-2/CCL 24 may play an active role in the process. Thus, other than being expressed in several types of endothelial cells [5] [6] [7] , CCR3 has been reported to be expressed in plaque macrophages and to some extent, in smooth muscle cells [10, 12] . Further suggestive of an effect of eotaxin-2/CCL 24 on atherogenesis is the recent observation that it induces activation of the plaque destabilizing proMMP-2 and of EGF-receptor in smooth muscle cells [13] . These findings are reinforced by a clinical study showing that in a cohort of healthy men, a non-conservative polymorphism in the eotaxin-2 gene is associated with increased risk for myocardial infarction [14] . Moreover, in a subsequent study, it has been found that increased circulating eo-2 levels are associated with the presence of coronary atherosclerosis and ischemia [15] [16] [17] [18] .
In a recent study, we have demonstrated a significant therapeutic potential of our newly-developed monoclonal antibody, D8, on the development of adjuvant-induced arthritis in rats [19] . The results prompted us to assume that D8 may represent a novel therapeutic target in rheumatoid arthritis as well as in additional inflammatory disorders including atherosclerosis.
By blocking the eo-2 pathway either by polyclonal or a newly-developed specific monoclonal antibody, we were able to demonstrate inhibition of fatty streak formation and plaque stabilization employing the ApoE knockout (KO) mouse model. The data described herein point to the putative key role which eo-2 may play in the initiation and progression of atherosclerosis.
MATERIALS AND METHODS

Cell Culture
HEK 293 parental cells were cultured in DMEM (Biological Industries, Israel) supplemented with 10% fetal calf serum (FCS) (Invitrogen) and 1% penicillin/streptomycin sulfate (Biological Industries, Israel). The cells were stably transfected with pCDNA-CCR3 (the plasmid was a generous gift from Prof. S. Peiper, Medical College of Georgia, Georgia, USA), followed by two rounds of cell sorting using an anti-CCR3-PE-conjugated antibody (Bioledgend, San Diego, CA) to yield an 85% CCR3 stably-transfected population. The cells were maintained at 37˚C in a humid incubator with 5% CO 2 .
Mice
ApoE-KO mice on a C57BL/6 background were purchased from Jackson laboratories, (Bar Harbor, ME). C57BL/6J mice were obtained from Harlan Laboratories, Jerusalem, Israel. The mice were maintained at the local animal facility.
Eo-2 and Anti-Eo-2 Ployclonal Antibody
Purified human eo-2 protein and a neutralizing polyclonal anti-eo-2 antibody were purchased from Peprotech, USA.
Production of Monoclonal Antibodies
Directed against Eotaxin-2
We have produced several clones of monoclonal antibodies (mAbs) to eo-2, according to standard protocols. In short, Balb/C mice were immunized with 20 ug of eo-2 (Peprotec, USA) followed by four additional boosts. After confirming the presence of polyclonal anti-eo-2 Abs in the sera, the mice were sacrificed and their spleens hybridized with an NS/0 myeloma line, followed by clonal screening for binding to eotaxin-2. The hybriddomas were then grown in serum-free media for 2 -3 weeks, media collected and loaded onto 100 kDa centricons (Biological Industries, Israel) for antibody concentration.
Adhesion Assays
In adhesion assays, mice or rat splenocytes, as well as human PBMC were separated on ficoll gradient and plated in 10 cm dishes for an overnight incubation. On the next day, the cells were harvested and pretreated with 50 ug/ml of D8 (the chosen anti-eo-2 monoclonal antibody) or total mouse IgG for two hours with rotation. The cells were then centrifuged and plated on 96-well plates pre-coated with fibronectin. After one hour-incubation, non-adherent cells were washed away and the amount of adherent cells was analyzed using XTT kit (Biological Industries, Israel).
Migration Assays
C57BL/6-derived splenocytes, rat splenocytes and human PBMCs pretreated with increasing doses of D8 (12.5, 25 and 50 ug/ml) at a volume of 150 ul were plated on the upper of an 8 um insert placed on the top of a well in a 24-well plate (Fisher Scientific, USA). The lower part of each well contained 600 ul of serum-free media supplemented with VEGF (20 ng/ml). Four hours later the media in the lower chamber was collected and cells counted using flow cytometry.
Inhibition of Eotaxin-2/CCR3 Interaction in the Presence of D8
Human-CCR3 tansfected or untransfected HEK cells were plated in six replicates on 96-well plates (100,000 cells/well), pre-coated with a complex of eo-2 (5 ug/ml)/ D8 (30 ug/ml). After one hour-incubation, non-adherent cells were washed away and the amount of adherent cells was analyzed using XTT kit.
The Effect of Eo-2 Blockade on Atherosclerosis in ApoE KO Mice
For the experiments involving the commercial anti-eo-2 antibody, 6 weeks old (young) and 4 months old ApoE KO mice were i.p. injected twice weekly with 5 ug of commercial goat anti mouse eo-2, demonstrating an antichemoattractant activity according to the manufacture's data sheet (Perotech, USA), mouse IgG or PBS. The animals from each group were sacrificed 8 weeks after treatment start for assessment of atherosclerosis. For the study assessing the in vivo effects of the newly-produced monoclonal antibody, 6 weeks old ApoE KO mice were i.p. injected three times a week with 30 ug of the D8, total mouse IgG or with vehicle only (6 animals/arm). Eight weeks later, mice were sacrificed for assessment of atherosclerosis. The study was approved by the local institutional animal care committee.
Lipid Profile
Total plasma cholesterol and triglyceride levels were determined using an automated enzymatic technique (Boehringer Mannheim, Germany).
Assessment of Atherosclerosis
Quantification of atherosclerotic fatty streak lesions was done by calculation of lesions size in the aortic sinus as previously described http://atvb.ahajournals.org/cgi/content/full/19/3/505-R22 #R22 [17] with a few modifications. In brief, the heart and upper portion of the aorta were removed from the animals and the peripheral fat was carefully removed. The upper section was embedded in OCT medium and frozen. Every other section (10-µm thick) throughout the aortic sinus (400 µm) was taken for analysis. The distal portion of the aortic sinus was recognized by the 3 valve cusps that form the junction of the aorta to the heart. Sections were evaluated for fatty streak lesions after being stained with oil red O. Lesion areas per section were counted on a grid by an observer who was unfamiliar with the tested specimen. Staining with Masson's trichrome and Von giesson's were employed to determine fibrous area and the contents of elastic fibers, respectively. The proportional area of the plaque stained positive for collagenous fibrosis was determined by quantitative morphometry. Immunohistochemistry for detection of plaque T cells was performed using an anti-CD3 antibody (Serotek, USA) and that of plaque macrophage was done with anti-moma (Serotek, USA), or with an anti-eo-2 antibody (Peprotech, Israel) followed by an HRP-conjugated goat anti-mouse secondary antibody (Jackson, USA).
Statistical Analysis
All parameters were evaluated by the one way ANOVA or two-tailed student's t-test as indicated. P < 0.05 was considered statistically significant. Results are expressed as mean ± SEM unless otherwise specified in the text. Data was processed by the GraphPad software.
RESULTS
Differential Expression of Eotaxin-2 and CCR3 in Murine Atheromas and Sera
Since eo-2 and its receptor CCR3 are abundantly expressed in immune cells, we sought to assess the possible involvement of this chemokine in atherosclerosis. To this end, we initially determined the levels of eo-2 in the sera of old ApoE KO mice (4 mice) which spontaneously develop atherosclerotic plaques, compared to their C57BL/ 6 wild-type littermates (4 animals). Levels of eo-2 detected by ELISA were twice higher in ApoE KO compared to C57BL/6 mice (P < 0.05; one way ANOVA). Furthermore, older atherosclerotic ApoE mice exhibited higher levels of the chemokine compared to their younger littermates (4 mice in each group) (P < 0.05; ANOVA) (Figure 1(a) ). Serum levels eo-2 were considerably higher in ApoE KO mice compared to C57BL/6 litters (P < 0.05; ANOVA). Moreover a flow cytometric analysis of the spleens, demonstrated that the expression level of CCR3, the receptor for eo-2, was higher in atherosclerotic ApoE KO mice compared to their young littermates (P < 0.01; ANOVA) (Figure 1(b) ).
In Vitro Biological Effects of Anti-Eo-2 Antibodies
We have generated monoclonal antibodies against human eo-2. Of our newly-developed monoclonal antibodies, D8 (at concentration of 50 ug/ml) significantly attenuated adhesion of murine and rat splenocytes as well as human PBMCs to fibronectin by 35% -55% (Figure  2(a) ) and also attenuated their migration towards VEGF in a dose dependent manner (Figure 2(b) ). Migration and adhesion (VEGF and fibronectin, respectively) serve as potent proadhesive and promigratory properties yet regardless of eo-2 CCR3 interactions. The adhesion and migration data presented herein as well as in our previous study [19] lead us to assume that D8 effects maybe due to potential cross reactivity with other cellular receptors. The monoclonal antibody (at 5 and 50 ug/ml) also inhibited adhesion to eo-2 of HEK cells stablytransfected with CCR3 (Figure 2(c) ), as well as migration towards eo-2 by 20% in comparison to CCR3-transfected cells preincubated with total IgG (data not shown). Each one of the experiments described here was performed in six replicates and repeated twice. The results presented herein demonstrate that D8 interferes at least in part with the CCR3/eotaxin-2 binding interaction. The cross-reactivity of D8 with human and murine eotaxin-2 (5 ug eo-2 diluted in PBS), with Kd of 0.77 g and 4 g, respectively, was verified.
In Vivo Effects of Anti-Eo-2 Antibodies
First we sought to assess whether eo-2 secretion is indeed present in advanced atherosclerotic plaques, in close proximity with intra-plaque inflammatory cells. To this end, we performed histological analysis of aortic plaques of young (6 weeks old) and old (4 months old) ApoE mice (according to the experience in our animal house, this is the rate of progression of atherosclerosis in ApoE KO mice' though we do realize that in different animal houses, there may be differences in the rate of progression of experimental atheroma). Indeed an IHC analysis of aortic frozen sections revealed expression of eo-2 in intermediate or advanced lesions (Figures 3(a) and (b) , respectively), but not in early lesions isolated from 6 weeks old mice (Figure  3(c) ). These untreated advanced lesions were significantly positive for macrophage staining (Figure 4(A) ) and were also found positive for T cell staining (Figure  4(D) ). Interestingly, the inflammatory cells were significantly reduced, in aortas of mice treated with D8 (twice weekly, for total course of 8 weeks) (Figures 4(C) and (F)) and only partly missing in IgG-treated animals (Figures 4(B) and (E) ). Based on the encouraging data, we sought to study the effects of anti-eo-2 antibodies on plaque phenotype in young (6 weeks old) and old (4 months old) ApoE KO mice. In the first preliminary study, we have found that administration of commercial polyclonal anti-eo-2 antibodies twice weekly at doses of 5 ug was efficient in reducing fatty-streaks in 4 young (6 weeks old) ApoE KO mice already after three weeks compared to control (vehicle only) treated animals (not shown). We thus used this dosage in designing two additional studies. The first was intended to assess the effect of administration of the same anti-eo-2 commercial polyclonal antibodies to young ApoE KO mice compared to control mouse IgG on formation of fatty streaks. In this study, after eight weeks of treatment, we found that anti-eo-2 antibodies, significantly reduced fatty streak formation in the young ApoE KO animals compared to mouse IgG by approximately 68 percent as demonstrated by oil-red O staining of the plaques (P = 0.0038, twotailed student's t-test) (Figures 5(a) and 6(a)-(c) ). This effect was not associated with a change in total cholesterol and triglyceride levels that were similar in both groups (data not shown). Moreover, treatment with control murine IgG did not influence plaque progression in comparison with PBS injections. (P < 0.05; two-tail student's t-test). Furthermore, the per centage of foam cell aggregates observed by Masson's trichrome staining was substantially lower in the anti eo-2 group (81%, 71% and 56% in the PBS, IgG and anti-eo-2 groups, respectively; P < 0.05). The data were confirmed in von Giesson's stain for elastic fibers (Figures 6(j)-(l) ).
In the second study, we have tested the effects of eo-2 blockade in 4 months old ApoE KO mice in which plaque architecture is more complex. Herein, after eight weeks of twice weekly injections of eo-2 antibodies, plaque size, was decreased by 20% compared to the plaques of the control IgG and the difference was not statistically significant (P = 0.3) (Figures 5(a) and 6(d)-(f) ). However, when plaque phenotype in the old animals was measured by fibrous content as documented by Masson's trichrome, we found that antibodies to eo-2 induced a more stable plaque phenotype evidenced by a larger fibrous area and a smaller lipid core (Figures 5(c) and 6(g)-(i) ) (P = 0.0167 and 0.097 compared to vehicle control and IgG, respectively; two-tailed student's t-test). By employing a different analysis tool, we calculated the percentage of samples in which fibrous cap was evident. The protective cap was evident in 24%, 41% and 56% of the vehicle-control, IgG and anti-eo-2 plaque sections These findings were irrespective of the lipid levels that did not differ between groups. The IHC data point to the potential beneficial effects of anti eo-2 antibodies in reducing the plaque size as well as increasing the plaque stability. A brief summary of the experimental treatment groups is given in Table 1 .
Effects of D8 Monoclonal Anti Eotaxin-2 Antibody on Atherosclerosis
In view of the encouraging in vivo data demonstrated with the commercial polyclonal anti-eo-2 antibody, we sought to assess the potential therapeutic effects of our novel anti-eo-2 monoclonal antibodies. 6 -8 weeks old ApoE KO mice were treated with D8 or with control IgG (30 ug, thrice weekly) for two months. Oil red O staining of the atherosclerotic plaques demonstrated a significant reduction in the atherosclerotic plaques in the D8 compared to the PBS or IgG-treated animals as demonstrated in Figure 7 (P < 0.05, two-tail student's t-test).
involvement of these pathways in the initiation and progression of atherosclerosis. The potential involvement of the eo-2/CCR3 signaling pathway was greatly supported in our recent study in which we have demonstrated a significant effect of our newly-developed anti-eo-2 monoclonal antibody in a rheumatoid arthritis rat model [19] .
DISCUSSION
Despite the apparent specificity of eo-2 as well as eotaxin-1 to eosinophils, there is abundant data on the pleiotropic effects of these chemokines. Both eo-1 and eo-2 are expressed in various types of endothelial cells [5, [7] [8] [9] and induce migratory responses in endothelial [8, 9] and smooth muscle cells [13] . We have found that serum eo-2 levels as well as CCR3 expression level on splenocytes were more abundant in the old atherosclerotic ApoE KO mice compared with the younger litters that exhibit only initial fatty streaks. A neutralizing polyclonal antibody as well as one of our newly-produced monoclonal antibodies to eo-2 conferred anti-adhesive and anti-migratory properties as well as in vivo reduction of the atherosclerotic lesion progression. In the younger mice, the antibodies mainly reduced fatty streak accumulation, whereas in the older animals, in which the plaques were more advanced, a more stable phenotype of the atheroma was evident upon treatment.
Several research groups have recently suggested a role for chemokines and their receptors in the initiation and progression of atherosclerosis [20] [21] [22] [23] [24] [25] .
Murine and human atherosclerosis harbor abundant inflammatory cells and the role of the immune system in the process is well recognized [11, 14, 15] . It has already been reported that mast cells contribute importantly to allergic and innate immune responses by releasing various mediators [20] . Moreover, a direct participation of perivascular mast cells in atherogenesis and plaque destabilization has been documented in low-density lipoprotein receptor-deficient Ldlr (−/−) as well as in ApoE KO −/− [21] mice and also in human atherosclerotic plaques [22, 23] . In addition, Halley et al have demonstrated that the CCR3 receptor localizes primarily to macrophage-rich regions in the human atheroma [22] . Data obtained using knockout mice showed a key role for the CC chemokine ligand 2 (CCL2, MCP1) and its receptor in the initiation of atherosclerosis [24] as well as for RANTES (CCL5) [25] , pointing to the potential There is an abundance of macrophages as well as T cells in advanced atherosclerotic lesions (those cells are the ones that highly express CCR3). These immune cells, however, were significantly reduced in lesions of the antibody-treated mice. The data highly suggest an important role for the immune system in general and specifically for the CCR3-eo-2 receptor-ligand interactions in the progression of atherosclerosis, in a similar manner as the data obtained in the rheumatoid arthritis model.
The data presented herein suggest that blocking inflammatory cell adhesion to the arterial endothelium may be principally responsible for those beneficial effects observed with the neutralizing blocking polyclonal and monoclonal eo-2 antibodies.
In conclusion, we have shown here for the first time that the chemokine eo-2 plays a role in experimental atherosclerosis. These findings were demonstrated by showing that the atherosclerotic lesions of ApoE KO mice contain abundant eo-2, harbor higher levels of its receptor CCR3 and that blockade of this pathway results in attenuated in vitro migration of inflammatory cells with reduced experimental early atherogenesis and establishment of a more stable plaque phenotype.
If further confirmed, these findings may illuminate an additional interaction that governs atherosclerotic plaque growth and destabilization.
